Abstract-The concept of loss separation based on the statistical theory of losses (STL) provides complete and accurate description of the frequency dependence of the energy losses in non-oriented soft magnetic sheets under the assumption of uniform magnetization reversal through the sheet cross-section. This assumption, implying a simple standard formulation for the classical loss component, has been recently challenged in the literature, in favor of a non-uniform reversal mechanism, expected to prevail in highly non-linear materials, where saturation magnetization wavefronts are deemed to symmetrically propagate across the sheet thickness (saturation wave model, SWM). Different conclusions regarding the dynamic loss analysis and its decomposition into the classical and excess loss components correspondingly emerge. In this letter, we discuss detailed investigations on the broadband energy loss versus frequency behavior in different non-oriented Fe-Si and low-carbon steel sheets. The experiments can be fully and consistently described by the STL. This occurs, in particular, for high-induction values and near-squared hysteresis loops, a predictable condition for adopting the SWM, which, however, fails to account for the experiments.
I. INTRODUCTION
Energy losses and their frequency dependence in magnetic sheets have found definite theoretical assessment and easy practical implementation with the statistical theory of losses (STL). Here, the concept of loss separation, where the total energy loss per cycle at a given frequency f is expressed as W ( f ) = W h + W cl ( f ) + W exc ( f ), the sum of hysteresis W h , classical W cl ( f ), and excess W exc ( f ) components, is shown to naturally emerge from the statistical features of the domain wall processes [Bertotti 1998 ]. The STL, with its simple analytical formulations for W exc ( f ) and W cl ( f ), has found general application in the literature, encompassing different materials (non-oriented and grain-oriented steel sheets, amorphous and nanocrystalline alloys, FeCo alloys, etc.) and different excitation regimes [Amar 1995 , Atallah 1994 , Barbisio 2004 , Kowal 2015 . It takes at face value the stochastic nature of the domain wall processes across the sheet cross-section. Under this assumption, the classical loss component is naturally associated with the dissipation by the regular macroscopic eddy current patterns, which derive from the diffusion of the currents localized at the moving domain walls [Bertotti 1998 ]. It is therefore obtained for sinusoidal induction of peak value B p at frequency f in a sheet of conductivity σ and thickness d
The counterfield generated by the macroscopic eddy currents does actually lead, depending on frequency, to an induction profile across the sheet thickness, but the experiments show that, as far as the flux penetration (skin depth) δ is larger than the sheet half-thickness, the assumption of uniform induction is tenable and (1) applies, whatever the magnetization curve [Beatrice 2014 ]. In the limiting case of linear material of given permeability μ, the classical loss is straightforwardly obtained from Maxwell's equations as
where γ = πσ μ d 2 f . This equation is reduced to (1) for γ = d/δ ≈≤ 2. It has however been pointed out in recent times [Zirka 2010 , Zirka 2015 that the use of (1) would not be a good approximation for W cl ( f ) in actual materials excited at technical B p values, that is, with the magnetization regimes most frequently encountered in applications, because the condition of homogeneous magnetization reversal would not be generally fulfilled. The discrepancy between the actual evolution of the magnetization process and the one assumed by introducing (1) in the loss decomposition by the STL would be especially acute at high inductions, where the material constitutive equation is highly non-linear, with the quasi-static hysteresis loop in non-oriented (NO) steel sheets taking a near-rectangular shape. Numerical solution of Maxwell's diffusion equation in combination with a static magnetic hysteresis model in standard NO sheets appears indeed to substantiate the idea that in such a case the magnetization reversal proceeds by propagation of symmetric fronts across the slab [Zirka 2010] . It is the layer-by-layer flux reversal originally described in Wolman [1932] , the so-called saturation wave model (SWM). This process would emulate the predicted response of an ideal material with step-like magnetization, where the induction can only attain the values B = ±B max for positive and negative fields, respectively [Bertotti 1998 ]. If this is the case, the classical loss figures would become, at 
(3) where B max is (somewhat ambiguously) taken as the peak induction associated with a near-rectangular DC loop [Zirka 2010 ].
Applying (3) to the loss decomposition on typical industrial NO Fe-Si and low-carbon alloys at technical inductions would then modify to non-negligible extent the relative roles of classical and excess loss components predicted by the STL using (1). Adjustments would therefore be needed regarding the effects of the structural parameters, flux distortion, sample geometry, etc.
To clarify this matter, we performed and analyzed selected measurements on NO Fe-Si and low-carbon steel (LCS) sheets at low and high B p values. While concluding that the STL using (1) accurately and consistently describes the energy loss versus frequency behavior in these materials, it is shown that (3) can lead to gross disagreement between predicted and measured losses.
II. EXPERIMENTAL RESULTS AND DISCUSSION
Magnetic energy losses have been measured up to 10 kHz at various peak polarization values J p in the NO Fe-Si and LCS steel sheets listed in Table 1 . Epstein strips and ring samples have been tested by a calibrated wattmeter-hysteresisgraph under controlled sinusoidal induction [Fiorillo 2010 ]. With their low resistivity value, the LCS expectedly exhibit high W cl ( f ) contribution, whose role, according to either (1) or (3), can then be confidently appreciated. Fig. 1 provides analysis of the loss decomposition according to the STL at J p = 0.2 T in a 0.194 mm thick Fe-(3.2 wt%)Si sheet up to f = 10 kHz. The DC hysteresis loop at this low J p value is described by the Rayleigh law, where the permeability μ = J p /H p coincides with the differential permeability averaged upon a loop branch between ±J p (relative μ r = 5900 at J p = 0.2 T). We can then confidently calculate W cl ( f ) using (2) and, once obtained the hysteresis component W h by extrapolating W ( f ) to f = 0, secure the excess loss W exc ( f ), as shown in Fig. 1(a) . Remarkably, W exc ( f ) complies upon the whole investigated frequency range with the theoretically assumed linear dependence n = n 0 + H exc /V 0 of the number n of active magnetic objects (MOs) on the excess field H exc = W exc /4J p , as illustrated in Fig. 1(b) . The quantity V 0 lumps the effect of the local coercive fields and the experimental n values are obtained as n = 4σ G S J p /H exc , with G = 0.1356 and S the sample cross-sectional area [Bertotti 1998 ]. 
A. Energy Losses at Low Inductions
The experimental excess loss W exc ( f ) (symbols) is predicted by (4) (dashed line). It is shown in Fig. 1(c) (dashed line) that with the so-obtained n 0 and V 0 parameters, the experimental W exc ( f ) behavior is excellently described by the theoretical law [Barbisio 2004 ]
(4) On the other hand, the notion of SWM and the related use of (3) for W cl ( f ) is conceptually ambiguous regarding the skin effect at such low inductions and eventually leads to overestimated W exc ( f ). This is clear, for example, when predicting the dependence of the energy loss on the distortion of the induction waveform, like in the example provided in Fig. 2 , regarding a 0.345 mm thick NO Fe-(3.5 wt%)Si. Here, the total energy loss at 50 Hz and J p = 0.3 T is measured upon the introduction of a third harmonic J 3
where J 3 /J 1 = 0.2, the phase shift ϕ 3 ranges between 0 • and 160 • , and the constant K (ϕ 3 ) is adapted for each ϕ 3 so as to maintain constant the J p value (no local minima of B(t)). According to the STL we write
while the SWM model would provide [Bertotti 1998 ]
We remark that in the present experiments the term μ 0 H p always negligibly contributes to the flux density (see Fig. 3 ) and we can confidently assume B p ∼ = J p . The value B max is taken, according to [Zirka 2010 [Zirka , 2015 , as the induction value where the DC hysteresis loop is near-rectangular. In the present case, B max ∼ = J max = 1.5 T. The excess loss under the distorted J (t) is given by Fig. 3 . DC hysteresis loops at J p = 1.6 T in the three investigated low-carbon steels (see Table 1 ).
with the parameters n 0 and V 0 obtained, as previously discussed, by a measurement at the given J p value with sinusoidal induction [Barbisio 2004 ]. Fig. 2 shows that the excellent predictive capability of the STL compares with too low W cl ( f ) prediction by the SWM.
B. Energy Losses at High Inductions
The step-like B(H ) constitutive equation assumed in the SWM can be approximated by the relatively sharp DC hysteresis loops measured on non-oriented steel steels when excited at high J p values. Fig. 3 shows three such loops, pertaining to the here investigated LCS samples (see Table 1 ), where we note again that for all practical purposes B p ∼ = J p . Should the SWM and (3) apply, according to the prediction of reversal by propagation of saturation magnetization wavefronts in such strongly non-linear materials [Zirka 2010 ] [Zirka 2015] , some adjustment of the STL would be needed at high inductions. Because of the good conductivity of the LCS, the role of W cl ( f ) is emphasized in the present case and application of either (1) or (3) could imply discrepancies between the correspondingly identified excess loss behaviors W exc ( f ). A sound comparison requires, however, that the experiments are carried in the absence of skin phenomena. We cannot obviously make use of (2), as previously done in the Rayleigh region (Fig. 1) , in this strongly non-linear context, but the STL provides a unique way to identify incipient skin effect. We follow then the usual procedure, by making the subtraction W ( f ) − W cl ( f ) with the classical loss calculated with (1), that is without considering the skin effect, to obtain W h = lim f →0 W ( f ) and W exc ( f ). By correspondingly finding the number n of MOs versus H exc ( f ) = W exc /4J p , we realize that, contrary to the low-induction case shown in Fig. 1(b) , n(H exc ) does follow the linear relationship n = n 0 + H exc /V 0 only below a certain critical H exc value. This translates into a divergence between the prediction of W exc ( f ) by (4) and its actual behavior beyond a certain frequency, where the skin effect makes (1) inapplicable. The example given in Fig. 4 , concerning the LCS 2 sample (d = 0.507 mm) at J p = 1.6 T, shows that in this case one can excellently fit the experimental W exc ( f ) with (4) up to about f = 500 Hz, before making room for the skin effect. We equally find that the skin-effect free region extends up to f ∼ = 80 Hz in LCS 1 and f ∼ = 300 Hz in LCS 3. (1), versus the same quantity predicted with (4) (dashed line). Predicted and experimental curves tend to diverge beyond about 500 Hz, signalling incipient skin effect. Let us then consider the loss separation procedure in the three investigated LCS sheets for the highly non-linear regimes at J p = 1.6 T. We shall restrain the analysis to the frequency region not affected by the skin effect. The classical loss will be calculated with both (1) and (3), where we shall assume, as before, the term μ 0 H p negligible with respect to J p and B max = B p ∼ = J p = 1.6 T. We have W ( f ) overestimates the experimental loss, besides leaving no room for the excess losses. This finding contrasts the idea that the very existence of moving domain walls and of the related localized eddy currents should always provide an extra-loss contribution, whatever assumption is made regarding the uniformity of the distribution of the flux density at low frequencies [Mayergoyz 1999 ]. The experiments further show that (3) equally overestimates the loss measured at J p = 1.5 T, although to a lower extent with respect to J p = B max = 1.6 T (7% versus 10% at f = 300 Hz). Figs. 6 and 7, concerning the LCS 1 and LCS 3 sheet samples, equally demonstrate the inadequacy of (3) in assessing the measured loss versus frequency behavior, although upon a more restricted frequency range, as imposed by the earlier surge of the skin effect.
III. CONCLUSION
It is shown by experiments on different types of non-oriented steel sheets that the magnetic energy losses can be consistently and accurately assessed at low and high inductions using the concept of loss decomposition in the framework of the STL. This is in particular achieved within the constraints posed by the skin effect, by assuming uniform reversal of the magnetization across the sheet cross-section at the macroscopic scale and the ensuing standard formulation (1) for the classical loss, which is independent of the specific J (H ) constitutive equation. This is specifically demonstrated by measurements performed at J p = 1.6 T in low-carbon steels, where the B(H ) constitutive equation tends to emulate a step-like function, the ideal case where the magnetization is predicted to occur by inward motion of one-dimensional fronts. The ensuing formulation for the classical loss turns, however, to grossly overestimate the measured losses and should be ruled out.
